In this paper, we present the theoretical modeling and characterization of the gain spectra at ∼1600-2100 nm from thulium-doped fiber amplifiers (TDFAs) for the first time. Our theoretical model was validated through the comparison with the experiments on the widely tunable TDFAs and thulium-doped fiber lasers using in-band pumping ( 3 H 6 → 3 F 4 ) and 79 ×-nm pumping ( 3 H 6 → 3 H 4 ) schemes. Different emission and absorption cross sections of the commercial thulium-doped fibers were employed for comparison and comprehensive demonstration. We then calculated the performance of the in-band-pumped TDFAs under different spectral cross section profiles and amplifier configurations. It shows, without the restriction of the loss induced by the fiber-optic components, that high optical gains (> 20 dB in small signal regime and > 3 dB in saturation regime) can be achieved over an ultrabroad spectrum ranging from ∼1580 to ∼2080 nm. We also demonstrate, although it is rarely used in the experiments of the broadband TDFAs, that the 79×-nm cladding pumping scheme can effectively avoid the strong reabsorption at short wavelengths when long gain fibers are used.
Theoretical Characterization of the Ultra-Broadband Gain Spectra at ∼1600-2100 nm From Thulium-Doped Fiber Amplifiers
Introduction
The transition 3 F 4 → 3 H 6 of thulium-doped fiber (TDF) possesses a wide emission waveband ranging from 1550 nm to 2200 nm [1] , which provides thulium-doped fiber amplifiers (TDFAs) with wavelength division multiplexing (WDM) capacity that is more than three times larger than that of traditional erbium-doped fiber amplifiers (EDFAs). In 2013, Li et al. experimentally investigated the gain and noise spectra of the TDFAs with a tunable seed source and delivered a 30 dB small signal gain over 1850 nm to 1970 nm and a noise figure as low as 4.5 dB [2] , [3] . Subsequently, [19] they tried to exploit the short wavelength gain of the TDFAs and achieved remarkable optical gains at the 1650-1800 nm waveband [4] , [5] . The success in the TDFAs also stimulated the research interests in other types of TDF-based light sources such as widely-tunable thulium-doped fiber lasers (TDFLs) [6] , [7] and amplified spontaneous emission (ASE) sources [8] , [9] . However, limited by various factors, such as the large loss of silica fiber and fiber-optic components at this waveband, the potentials of the ultra-broad emission band of the TDF have yet to be fully released.
Because of the enomous application interests at 2 μm waveband, the theoretical modeling of the TDF-based light sources has been well-developed and employed to investigate their underlying physics, dynamis, and output performances over the past 20 years [10] - [13] . Compared with these endeavors, however, it is surprising that almost all of the existing theoretical studies of the TDFAs refer to those used for optical amplification at the telecommunication S-band (1460-1530 nm) or first telecommunication window at 800-850 nm [11] , [14] , [15] . Very recently, also stimulated by the impressive experimental results of the ultra-broadband TDFAs, Khamis and Ennser first modeled and theoretically investigated the gain control dynamics, noise figure, and system optimization [16] , [17] of the ultra-broadband TDFAs at 2 μm. However, except the noise figure, their works focused on the characterization and optimization at a specific wavelength, i.e., 1900 nm. The complete gain spectra under different amplifier configurations (pump and signal powers, fiber lengths, etc.) has yet to be characterized, which will provide important information about the idea performance of the TDFAs and references for the design and improvement of the ultra-broadband optical systems.
In this paper, we present the theoretical modeling and characterization of the gain spectra of the 2-μm TDFAs. The spectroscopic properties of different widely-used commercial TDFs are given and discussed in Section 2. We describe our theoretical model in Section III. The comparisons between the numerical and the existing experimental results are demonstrated in Section IV to validate our model. We demonstrate the performances of the in-band-pumped TDFAs under different amplifier configurations and crosssection parameters in Section IV. In Section V, we discuss the possibility of using 79x-nm cladding-pumping scheme to avoid strong re-absorption at short wavelengths when long gain fibers are used. We draw our conclusion in Section VI. It should be noted that the noise figures of the TDFAs, which has been theoretically investigated in [16] and [17] , were not included in this study.
Spectroscopic Properties
To calculate the gain spectra of the TDFAs, we first illustrate and discuss the spectral data of the TDFs used here. We employ the parameters of three types of the TDFs reported in the literature [1] , [18] , [19] as listed in Table I . Their doping concentrations and upper level ( 3 F 4 ) lifetimes are also given in this table.
The fiber parameters we employed here are the analogues of the most widely-used commercial TDFs. The parameters of Tm#1 was first reported in [1] and then revisited during the development of first kilowatt thulium-doped fiber lasers (TDFLs) by Nufern and Q-peak [18] , [20] . In [18] , [1] , [18] , and [19] . (Right) Loss spectra of the SM2000 fiber taken from [22] . the absorption and emission cross sections of different TDFs were compared and the parameters of Tm#1 was addressed to be the "best choice" due to the accordance with their own measurement. Note that the ion concentration of Tm#1 is relatively lower than the ∼ 2% or ∼ 4% level reported by Nufern [21] , but it is consistent with the systematic diminution in the crosssections as shown in [18] . The parameters of Tm#2 and Tm#3 are from the direct measurement of the commercial TDFs from OFS [19] , another major supplier of rare-earth doped fibers. We think employing these widely-used spectroscopic parameters will enable our results be applicable references for most of the experiments in the studies of the 2-μm TDFAs and their applications.
The left panel of Fig. 1 shows the absorption and emission crosssections of the three types of TDFs taken from [1] , [18] , [19] . Significant differences are exhibited in the entire measured wavelength range of the emission crosssections and the wavelengths shorter than 1700 nm of the absorptions, which will severely affect the characteristics of the gain spectra of the TDFAs as demonstrated below. The right panel of Fig. 1 demonstrates the instinct material loss spectra of the SM2000 fiber taken from [22] . We use wavelength-dependent losses to deduce accurate gain and ASE powers instead of an uniform loss over wavelengths employed in the previous works [10] , [12] . We also used an absorption crosssection of 8.5 × 10 −25 m 2 at 793 nm as in [10] .
Theoretical Modeling
The model and the method to find its numerical solutions we used here are based on traditional rate equations, optical power propagation equations of pump, signal, and amplified spontaneous emission (ASE), and finite difference in time domain algorithm, which have been comprehensively described in our previous works [23] - [25] and verified in different regimes of fiber lasers (TDF [24] , [25] , erbium and ytterbium codoped fiber [23] , pulsed [23] , [24] , and continuous-wave [25] ). There are two major modifications that alter the model from lasers to amplifiers. (1) Changing the boundary conditions of the model from cavity feedback to traveling-wave. The lower panel of Figure 2 demonstrates the transition of the temporal evolution from lasers to amplifiers. (2) For the unsaturated fiber amplifiers, instead of using a simplified ASE term to generate initial spontaneous noise, the ASE power at specific wavelength has to be accurately calculated (a resolution of 1 nm is used in this paper). The upper panel of Fig. 2 shows typical evolution pictures of forward-and backward-propagation ASEs along the gain fiber at a wavelength range of 1700 nm to 2000 nm.
Experimental Validation of the Model
We use our model to simulate the most recent in-band-pumped TDFA experiments [2] , [3] , which provides testimonies of the modeling accuracy. Note that a narrow-band seed laser is assumed to be employed throughout this paper. The left and right panels of Fig. 3 are the gain spectra in small signal regime (−20 dBm) and saturation regime (0 dBm), respectively. The data from the experiment in [3] are demonstrated in dots and the data from our calculation are shown in lines with a precision of 10 nm. It is obvious that the calculated gain spectra based on the Tm#2 and Tm#3 fibers are fitting better with the experiment, which is because the fiber employed in [3] has the same manufacturer as these two kinds of fibers. The Tm#3 fiber, on the other hand, underestimates the gain at the majority of short wavelengths. It is noting that, at the wavelengths shorter than 1850 nm, the calculated gain in small signal regime will be higher than that of the experiment, which can be explained by the fact that extra loss was included by the fiber optical components as demonstrated in [2] and [3] . We simulate a widely-tunable all-fiber TDFLs in the experiment of [6] to evaluate the performance of our model when use the 3 H 6 → 3 H 4 pump transition. Fig. 4 shows the comparison between the numerical calculation and the experimental results from [6] . In this case, the fitting of the Tm#1 data are much better than the Tm#2 and Tm#3. It can be explained from the emission cross-section profiles, on which the data of the Tm#2 and Tm#3 decreases quickly and approximates to zero at a wavelength of 2050 nm. The good fitting between the calculation results based the Tm#3 fiber and the experimental data also comes from the same manufacturer and the spectral parameters they provided.
All in all, our numerical model has presented comparable results and trends as the experiments. The comparison results above can further tell us the following: 1) Due to the different spectral properties from different manufacturers, the optical gain at each wavelength changes a lot (the Tm#1 fiber has high optical gain at the wavelengths longer than 2030 nm while the Tm#2 and Tm#3 fibers have better performance when the wavelengths shorter than 1950 nm). 2) Using the model we presented and the spectral parameters provided by the manufacturers can achieve similar results as those produced in the experiments. 3) For specific applications of the TDFs, the accurate selection of the gain fiber type can be realized by theoretical calculations. It will reduce the cost of the TDFA-related experiments both in time and money.
Characterization
In this section, we investigate the characteristics of the in-band-pumped TDFAs using different configuration based on the experimental-validated model and parameters. For all three types of fibers with different doping concentrations and crosssections, we employ the same geometry with a core/cladding diameter of 5/125 μm and a NA of 0.26 [26] for uniformity. A pump wavelength of 1550 nm is used throughout this section. The variation of the amplifier configurations are limited to the pump and signal power and the fiber length. We employ bidirectional-end pumping here for its high efficiency. Note that the pump power mentioned below are the summary of two equally bright light injected for both end of the fiber. Only core-pump scheme can be used by the in-band-pumped TDFAs, because the insufficient absorption of the cladding pump scheme with commercial fiber geometries at 1.4-1.6 μm leads to an unacceptable long gain fiber (>25 m, with significant silica attenuation) must be used.
Pump and Signal Power
For the variation of different input signal powers, we follow the approach in [2] and [3] and divided them into small signal regime (−20 dBm) and saturation regime (0 dBm). We discuss the characteristics of the gain spectra when different pump powers are injected in these two regimes. Note that we used >20-dB bandwidth in the small signal regime for the high gain and >3-dB bandwith in the saturation regime for the high extraction efficiency but low gain. A gain fiber length of 5 m is employed in this subsection. Fig. 5 shows the gain spectra under different injected pump power in the small signal regime and >20-dB bandwidth as a function of pump power. For all three types of the TDF, the bandwidth of the gain spectra increase as the pump power increase and this trend becomes to saturate when the pump power exceeds 0.6 W. For the Tm#1 fiber, a single-peak shape at around 1830 nm is presented when the pump levels are low and a second peak centered at around 1940 nm appears when the pumps are beyond 0.4 W. Similar trends are also presented in the results of the Tm#2 and Tm#3 fibers except the second peak exists even the pump powers are low. As the saturation of the bandwidth, the spectral shapes of all three fibers come to a good similarity. Besides, the gain spectra performance of the Tm#2 and Tm#3 in both bandwidth and spectral shape are very similar, which can be originated to the same manufacturer they shared. Figure 6 demonstrates the gain spectra under different injected pump power in the saturation regime and >3-dB bandwidth as a function of pump power. Different from the situations in the small signal regime, the high gain peak at around 1940 nm can be observed in all the three TDFs and the pump powers we investigated. The evolution of the bandwidth at different pump power in the saturation regime, on the other hand, exhibits the same trend as those in the small signal regime: the bandwidth firstly increases linearly at low pump powers then comes to saturate when the pump levels goes beyond 0.6 W.
It is interesting to further investigate the origins of the two attractive gain peaks at ∼1830 nm and ∼1940 nm appears in the gain spectrum of all kinds of TDFs in the small signal and saturation regime. We conduct the analysis based on the emission and absorption cross sections presented in the left panel of Fig. 1 . We find that although the spectral ranges and values of three kinds of gain fibers are different, they all have a single-peak shape and centered at ∼1830 nm, which will lead to strong spontaneous emission (SE) at these wavelengths. During the amplification process, the signal photons and the photons generated by the SE at the signal wavelength will add together and be amplified. In the small signal regime, the ratio of the signal photons and the SE photon are small, so the contribution of the SE photons to the optical gain will be large, which explain the existence of this gain peak in all the pump power level. In the saturation regime, because the signals are strong, the contribution of the SE photons will decrease. This is why the gain peak at ∼1830 nm is absent at low pump powers and not as significant as that in the small signal regime at high pump powers. On the other hand, the gain peak at ∼1940 nm can be related to the reduced absorption cross sections at these wavelengths, which further leads to the peak of the net gain. At ∼1940 nm, no matter the magnitude of the signal power, high optical gain and high amplification efficiency will always be achieved. This explains why most of commercial TDFLs today output a standard wavelength of 1940 nm.
Despite the differences in fiber types and amplifier power configurations, the in-band-pumped TDFAs exhibits a wide (350 -450 nm) gain spectral coverage which is very favorable for optical WDM applications. Restricted by the large insertion loss of other components in TDFAs at the wavelengths shorter than 1800 nm, the real capacity of the 2-μm TDFAs is underestimated now. The results presented above give a numerical prediction of the performance of the TDFAs without the restriction of the state-of-the-art fiber optics craft. It also should be noted that the experimental breakthroughs of the TDFAs at the wavelengths shorter than 1800 nm even 1700 nm have emerged very recently [5] , [27] . The endeavors in both theory and experiment will further accelerate the development of this field.
Fiber Length
Fiber length is an another important factor that will determine the performance of the in-bandpumped TDFAs with the commercial gain fibers. A pump power of 0.3 W and a signal power of −20 dBm are employed in this subsection. Figure 7 shows the gain spectra when different fiber lengths are employed. Under the core-pump scheme, the absorption coefficients of all the TDFs are larger than 40 dB/m, which means 99% of the pump light will be absorbed in the first 50-cm of the TDFs. Due to the similarity between the calculation results of the Tm#2 and Tm#3 fibers, In this subsection and below, we will only demonstrate the results based the parameters of the Tm#1 and Tm#2 fibers below. For the fiber length of 1-5 m we used in this study, it is obvious that the 1-m fiber will achieve the highest gain and the widest bandwidth as demonstrated in the figure. As the fiber length increases, the gain decreases at all the wavelengths. This effect is more significant at short wavelengths than at long wavelength, which is because of the strong re-absorption of the TDFs at these wavelengths. The two attractive gain peaks at ∼1830 nm and ∼1940 nm are also presented here. We have discussed in detail their orgins in the previous subsection. In practical experiments, the usage of long gain fiber are usually for the absorption of exceeded ASE (noise) and the enhancement of the gain at long wavelengths, although the effectiveness of the latter has not been clearly verified experimentally (inconsistent results were reported in different experiments [6] , [28] ). For our numerical results, the enhancement of gain at long wavelength is not presented in the case of the Tm#1 fiber but shows sign in the case of the Tm#2 fiber, where the gains of the 2-5-m fibers exceed the gain of the 1-m fiber at long wavelength edge. This interesting topic will be exploited in our future works.
Discussion
As mentioned above, using long gain fiber can suppress ASE noise and may provide extra gain at long wavelengths, although it also causes the strong re-absorption at shorter wavelengths. There are several methods that were employed very recently to enhance the gain at short wavelengths while use long gain fibers [4] , [5] , [7] , [27] , but they are complicated and need many extra components. A very simple and instinctive approach here is using cladding-pump instead of core-pump, which can reduce the absorption coefficient and provide optical gain at a much longer scale. However, for the small absorption crosssections of the in-band-pump transition 3 H 6 → 3 F 4 at 1.4-1.6 μm, tens-of-meter gain fiber has to be used to achieve sufficient absorption, which will greatly increase the fiber attenuation at the emission waveband. Fortunately, multiple waveband can be employed by the TDF as the pump [25] . The 3 H 6 → 3 H 4 pump transition has a high absorption peak (centered at around 793 nm) and has been extensively used in cladding pumped TDFLs [18] , [20] . With the pump scheme, several-meter or ten-odd-meter gain fibers will optimized choices for pump absorption and noise reduction. Here, we calculate the performance of the 2-μm TDFAs using the 79x-nm cladding-pump scheme and compare them with those of the in-band-pumped TDFAs. Figure 8 shows the comparison of the gain spectra pumped by 793-nm and 1550-nm sources. We use the geometry of the double-cladding TDF of a core/cladding diameter of 10/130 μm and a core NA of 0.15 from Nufern [29] . A fiber length of 5 m, a pump power of 3.5 W, and a signal power of −20 dBm are employed here. It is obvious that, for all kinds of the gain fibers, the gains at short wavelengths are enhanced thus the bandwidth are increased when using the 793-nm pump, although the peak gain are comparably lower than those using the 1550-nm pump. It should be noted that, in [16] , these authors also compared the gains of the 793-nm and 1558-nm pump, but they used a core pump scheme throughout and did not involve the possible application of the 793-nm cladding pump scheme discussed in this paper.
Conclusion
We have presented the theoretical characterization of the gain spectra of the 2-μm TDFAs for both the in-band-pump and 79x-nm cladding-pump schemes. An experimental-validated model has been used to calculate the performance of the in-band-pumped TDFAs under different absorption and emission crosssection profiles and amplifier configurations. Our results show, despite the differences in fiber types and amplifier power configurations, that the in-band-pumped TDFAs exhibits a wide (350-450 nm) gain spectral coverage, which is very favorable for optical WDM applications. To avoid strong re-absorption at short wavelengths when long gain fibers are used, we have proposed the 79x-nm cladding-pumped TDFAs and validated their effectiveness by theoretical calculation. Our results provide a effective tool for the analysis of the TDFAs and good reference for their design and optimization.
